Material properties of P (VDF-TrFE) copolymer
P(VDF-TrFE) is a random copolymer synthesized using two homopolymers, PVDF and poly(trifluoroethylene) (PTrFE) . The chemical f o r m u l a i s s h o w n i n F i g u r e 1 . P V D F i s a crystalline polymer, has a monomer unit of -CH 2 -CF 2 -, in between polyethylene (PE) ( -CH 2 -CH 2 -) and polytetrafluoroethylene (PTFE) (-CF 2 -CF 2 -) monomers. The similarity of PVDF to these two polymers gives rise to its physical strength, flexibility and chemical stability [Tashiro, 1995] . Its ferroelectric properties originate from the large difference in electronegativity between fluorine, carbon and hydrogen, which have Pauling's values of 4.0, 2.5 and 2.1, respectively [Pauling, 1960] . Most of the electrons are attracted to the fluorine side of the polymer chain and polarization is created [Salimi & Yousefi, 2004; Fujisaki et al., 2007] . The Curie temperature of PVDF is estimated to be above the melting temperature at 195-197 o C [Lovinger, 1986 , as cited in Kepler, 1995 . The melting of the ferroelectric phase and recrystallization to the paraelectric phase may happen in the same temperature range. The addition of TrFE (-CF 2 -CFH-) into the PVDF system plays an important role in the phase transition behavior. TrFE modifies the PVDF crystal structure by increasing the unit cell size and inter-planar distance of the ferroelectric phase, as seen from X-ray diffraction measurements [Tashiro et al., 1984; Lovinger et al.., 1983a Lovinger et al.., , 1983b , as cited in Tashiro, 1995] . The interactions between each unit and between dipole-to-dipole are reduced, resulting in a lower Curie temperature. Therefore, it allows the copolymer to crystallize into the ferroelectric phase at temperatures below the melting point. The copolymer crystal structure, phase transition behavior and ferroelectric properties are affected by the ratio of VDF/TrFE content and the synthesizing conditions [Yamada & Kitayama, 1981] . The experimental data from UT Dallas shown in this chapter are for P(VDF-TrFE) copolymer with 70/30 (VDF/TrFE), synthesized using a suspension polymerization process. The ferroelectric properties are measured and tested at room temperature, except if stated otherwise. Fig. 1 . The chemical formula of P(VDF-TrFE) random copolymer [Naber et al., 2005] .
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Phase structures
When the P(VDF-TrFE) copolymer chains are packed and form a solid material, there are four types of crystalline phases. The phase configurations are very similar to PVDF, including phase I ( ), phase II ( ), phase III ( ), and phase IV ( ) [Xu et al., 2000] . Among these four phases, only the phase is the polar phase with a large spontaneous polarization along the b axis which is parallel to the C-F dipole moment, and perpendicular to the polymer chain direction (c axis) [Hu et al., 2009.] (a) (b) Fig. 2. (a) The schematic of the phase crystal structure for P(VDF-TrFE) copolymer in the ab plane (the c axis is normal to the ab plane), and (b) along the c axis of the all-trans (TTTT) zigzag planar configuration from the top view.
The schematic of the phase crystal structure is shown in Figure 2 . The molecules are in a distorted, all-trans (TTTT) zigzag planar configuration. When the polymer is cooled from its melt state, it crystallizes into the phase. This crystal is nonpolar with the molecules in a distorted trans-gauche-trans-gauche' (TGTG') configuration, which is the state with the lowest energy. In the phase, the crystal has polar unit cells with molecules in the T 3 GT 3 G' configuration, and the dipole moment is smaller than phase I ( ). For the phase, the crystal has the same configuration as the phase, but with a different orientation of the molecules' dipole moments in the unit cell [Kepler, 1995] . Different phases can be achieved by using different processing conditions. The material can transition between phases by using annealing, stretching and poling methods [Tashiro et al., 1981 , as cited in Tashiro 1995 . In this chapter, the discussion is focused on the polar phase.
Surface morphology of β phase crystals
The mechanics and aggregation characteristics of the polymeric chains can be different when forming each crystalline phases, resulting in different surface morphologies. This can be studied using atomic force microscopy (AFM). Figure 3 shows a 3D 1µm×1µm AFM image of a typical P(VDF-TrFE) film. The rod-like shape of the grains is attributed to the phase crystallites. The size of the grains and the roughness of the surface are related to the annealing conditions and are sensitive to the maximum processing temperature [Park et al., 2006; Mao et al., 2010a] . The sample shown in Figure 3 corresponds to a 210 nm spin coated film annealed at 144 o C for 2 hours in vacuum. The length of the grains is approximately 180 nm with a surface RMS roughness of 14.6 nm [Mao et al., 2010a] . 
X-ray analysis for β phase crystals
X-ray Diffraction (XRD) can be used to study the crystalline characteristics. The diffraction angle corresponds to the inter-planar spacing and orientation of the crystal planes, and the diffraction intensity indicates the quantity of the corresponding crystal planes, which relates to the degree of crystallinity. The crystal structure of P(VDF-TrFE) is normally related to the composition (mole ratio of VDF/TrFE) of the copolymer and the annealing process. In the crystal phase of P(VDF-TrFE), the unit cell is orthorhombic, with each chain aligned and packed with the CF 2 groups parallel to the b axis [Lando et al, 1966; Gal'perin & Kosmynin, 1969; Hasegawa et al, 1972 , as cited in Tashiro, 1995 , as indicated in Figure 2 (a). Figure 4 shows the XRD results from a 210 nm P(VDF-TrFE) (VDF/TrFE of 70/30) film annealed at 144 o C and measured at room temperature. The diffraction peak at 2θ=19.9 o is attributed to the (110) and (200) orientation planes, which are associated with the polar phase. From the position of this sharp peak, the inter-planar spacing b is determined to be 4.5 Å [Mao et al, 2010a] . The strong diffraction peak indicates a high degree of crystallinity in the phase. 
Vibrational analysis for β phase crystals
Molecular vibration analysis is a key to understanding the dynamics of a material. Fouriertransform infrared spectroscopy (FT-IR) can be used to detect the vibrational mechanics of a material system by monitoring the absorption of infrared energy. The incident electromagnetic field from the IR source interacts with the molecular bonding of the P(VDF-TrFE) film, resulting in a large absorption when the molecular vibration and the electric field component of the IR are perpendicular to each other. Each phase of the P(VDF-TrFE) polymer will provide a characteristic FT-IR spectrum. Details of the absorption band assignments can be found in the literature [Kobayashi et al, 1974; Reynolds et al, 1989; Kim et al, 1989 ]. Here we only discuss the three intense bands, 1288 cm -1 , 850 cm -1 , and 1400 cm -1 associated with the phase of P(VDF-TrFE). The 1288 cm -1 and 850 cm -1 bands belong to the CF 2 symmetric stretching with the dipole moments parallel to the polar b axis ]. The 1400 cm -1 band is assigned to the CH 2 wagging vibration, with the dipole moment along the c axis. As illustrated in Figure 5 , a polarized IR source with the electrical component parallel to the substrate (p-polarized) is used to measure two P(VDF-TrFE) thin film samples. The strong absorption bands at 1288 cm -1 and 850 cm -1 in spectrum A (sample A) indicates that the polar b axis of the P(VDF-TrFE) copolymer chain is perpendicular to the substrate and the planar zigzag chains are aligned parallel to the substrate [Hu et al, 2009 ]. However, in spectrum B (sample B), week absorption bands observed at 1288 cm -1 and 850 cm -1 indicate that the b axis is tilted away from the direction normal to the substrate. Additionally, the strong absorption band at 1400 cm -1 band indicates the polymer chain (c axis) is tilted, and a significant number of the molecules are aligned normal to the substrate, which is undesirable for vertical polarization [Park et al, 2006; Mao et al, 2010a] . 
Electrical properties of P(VDF-TrFE) film
The fabrication of the polymer films into devices and the electrical characterization of the ferroelectric properties are introduced here. The discussion focuses on ferroelectric capacitors (FeCap), which is the fundamental device for studying this material.
Deposition of P(VDF-TrFE) films
There are two common methods to prepare P(VDF-TrFE) thin films. The first one is the melt and press method [Yamada & Kitayama, 1981] . The copolymer crystallizes into or phases when it is slowly cooled to room temperature from the melt. The film has a high degree of crystallinity. Stretching or poling process is required to achieve the phase crystals. For the melt and press fabrication process, the film thickness is usually > 1 µm. Spin coating from solution is another common fabrication method. By changing the weight percentage of the polymer in solution, spin coating can be used to produce films with thickness ≤100 nm. Different crystal phases can be achieved from polymer dissolved in different solvents. Spin coat from 2-butanone or cyclohexanone solutions allow the film to be crystallized into the phase directly. Another method of making ultra thin film reported by A.V. Bune et al. [Bune et al., 1998 ] is Langmuir-Blodgett deposition, which results in films which are a few monolayers thick and can be switched at 1 V. After making the films, thermal annealing is always used to increase the degree of crystallinity. The annealing will be discussed in section 5.
Electrical characterization methods for polarization
The application of an electric field across the FeCap with an amplitude higher than the coercive field will reverse the polarity of the dipoles, and induce a switching current flow through the external closed loop. The total number of dipoles determines the electric displacements or polarization of the film. By integrating the switching current in the time domain, the total number of the switched dipoles or charges can be calculated. Two types of waveforms are commonly used to measure the polarization, the triangular wave for hysteresis loop characterization and a sequence of pulses for the standard Positive Up Negative Down (PUND) method [Kin et al, 2008; Mao et al., 2010b] , as shown in figures 6 (a) and (b), respectively. In the hysteresis loop measurement, the first triangular wave is used for initialization of the ferroelectric capacitor, followed by the second waveform for polarization measurement in both positive and negative directions. In the PUND measurement, switching polarization (P sw ) and nonswitching polarization (P ns ) are measured. P sw corresponds to the current integration in the polarization switching transient, and P ns corresponds to the current integration when the polarization has the same direction as the applied electric field. They are defined as [Mao et al., 2010b] www.intechopen.com where P s and P r represent the spontaneous polarization and remanent polarization, respectively. The five sequential pulses represent initialization, measurement for P sw , P ns in positive and negative directions, respectively.
Hysteresis loop measurement
The hysteresis loop is one of the most important tools to characterize ferroelectrics. A significant amount of information can be extracted from the hysteresis loop. Similar to other ferroelectrics, P(VDF-TrFE) copolymer exhibits remanent polarization. Figure 7 (a) shows the hysteresis loops measured at 1 Hz with different applied voltages for a FeCap with P(VDF-TrFE) film thickness of approximately 154 nm. As the voltage increases to 8 V, the FeCap starts to show hysteresis characteristics, and saturates at above 10 V. P s and +/-P r are plotted as a function of voltage in Figure 7 (b). P s and P r increase rapidly at voltage > 6 V, and saturate at 8.2 µC/cm 2 and 6.9 µC/cm 2 , respectively. The coercive voltage (V c ) is defined as the voltage when dP/dV reaches maximum, which is approximately 6.7 V, corresponding to a coercive field (E c ) of 0.44 MV/cm. 
PUND measurement
In the PUND method, a circuit is used to measure the currents in polarization switching and nonswitching transients, or measure the displacement and polarization of the FeCaps. In order to measure the polarization switching transient, we use a function generator to bias the FeCap, and measure the voltage across a linear resister using an oscilloscope, as shown in Figure 8 . The transient current can be calculated by dividing the voltage with the resistance. P sw and P ns can be calculated by integrating the current in the time domain. Typical PUND measurement data from a P(VDF-TrFE) based FeCap (size of 300µm × 300µm) are plotted in Figure 9 . V1 and V2 represent the voltages measured from channel 1 and 2 of the oscilloscope, respectively. Rescaling V2 by 1/R (1000 ohms in the measurement) gives the transient current. The 1 st , 3 rd and 5 th pulses induce large responses, representing the polarization switching of the dipoles, while the 2 nd , 4 th , and 6 th pulses correspond to the nonswitching transient with small current responses, because the dipoles have already aligned in the same direction as the applied electric field. The sharp response for polarization switching indicates the fast rotation of the dipoles, and the large difference between the switching and nonswitching responses indicates a large remanent polarization. P sw and P ns are calculated from the transient switching current to be 11.2 µC/cm 2 and 1.3 µC/cm 2 , respectively. The switching current is a function of the applied electric field. 
Capacitance-voltage measurement
The nonlinearity of the dielectric response to electric field is also present in P(VDF-TrFE), as shown in Figure 10 . An FeCap with P(VDF-TrFE) thickness of 154 nm is measured at 100
KHz. The dielectric permittivity is a function of dP/dV, which corresponds to the slope of the polarization-voltage plot. The dielectric constant is measured to be between 7.8 and 11, depending on the electric field [Mao et al., 2010a] . The peaks in the capacitance correspond to the polarization reversal of the dipoles, and the electric field for the peak capacitance corresponds to the coercive field [Lohse et al., 2001 ]. 
Polarization switching kinetics of P(VDF-TrFE) thin films
Understanding the kinetics of polarization switching is important to the application of ferroelectric materials. The polarization dipole reversal mechanism of inorganic ferroelectric materials such as lead zirconate titanate (PZT) has been studied for many years. The switching kinetics in a single crystal ferroelectric is found to follow the classical model called the Kolmogorov-Avrami-Ishibashi (KAI) model [Lohse et al., 2001; Tagantsev et al, 2002 ]. The KAI model was developed by the group of Ishibashi, based on the statistical theory of Kolmogorov and Avrami (KA) [Kolmogorov, 1937; Avrami 1939; Avrami 1940; Avrami 1941 , as cited in Lohse et al., 2001 , which was originally developed for the modeling of the crystallization process in metals. However, for polycrystalline ferroelectric thin films, the switching kinetics were frequently found to disobey the KAI model [Lohse et al., 2001; Tagantsev et al, 2002] . In this section, the polarization switching mechanism and the KAI model will be briefly discussed, and correlated with a model based on region-byregion switching for P(VDF-TrFE) thin films [Tagantsev et al, 2002] . Some alternative models for P(VDF-TrFE) will also be briefly introduced.
The polarization switching mechanism and KAI model
Ferroelectric polarization is defined as the electric dipole moment, or the displacement of charge density away from the center of the unit cell in the crystal lattice. The polarization direction can be switched by applying an electric field. The polarization switching process is commonly considered to be controlled by two mechanisms; domain nucleation and expansion [Merz, 1956; Kimura & Ohigashi, 1986 ]. The switching time is a function of the electric field, and for these two mechanisms, the switching time for each mechanism has a different dependence on the electric field. The domain nucleation process has an exponential relationship and can be expressed as [Merz, 1956] 86
where E 0 is the activation field, τ a is the switching time at E= E 0 , which corresponds to the fastest switching speed of the material, and n is a constant related to the dimension of the domain growth. For domain expansion, the reciprocal of 1/τ 0 has a linear relationship as described in equation (4) [Merz, 1956] ;
where µ is the mobility of the domain expansion and E 1 is a limiting electric field similar to a coercive field strength. The polarization switching of the ferroelectric is considered to be a combination of these two processes. Therefore, for a single crystal material, it exhibits a total switching time τ 0 , which is a function of applied electric field. The KAI model describes the switching polarization phenomenon as initially being a uniform formation of the reversal nucleation centers, followed by the unrestricted expansion and overlapping of the domains throughout the sample. The volume of polarization can be mathematically expressed as [Lohse et al., 2001; Tagantsev et al, 2002] ;
where p(t) is the volume of the ferroelectric that has been switched in time t, τ 0 is the switching time and n is a dimension constant. The electric displacement D can be expressed as [Tajitsu et al., 1987] ; t τ r n 0 D EP E2 P ( 1e )
where , E, P and P r are the linear dielectric permittivity, electric field, polarization and remanent polarization, respectively. Due to the nature of polycrystalline ferroelectric thin films, the KAI assumptions are not always met. It was observed in many cases that the switching time increases and the distribution of the switching time broadens as the film thickness decreases [Lohse et al., 2001; Tagantsev et al, 2002] . In the P(VDF-TrFE) system, Tajitsu et al. proposed that the increase of switching time for thinner films correspond to the increase in the activation field, which is caused by the formation of a surface layer [Tajitsu, 1995] . Nakajima et al, found that the increase in the switching time happens for FeCaps with Al contacts, but for Au contact FeCaps, the switching time is independent with film thickness [Nakajima et al., 2005] . The film thickness and contact dependence of polarization switching will be discussed in section 5. To explain the broadening of the switching time distribution for P(VDF-TrFE) thin films, alternate methods have been proposed to model the polarization switching kinetics. They are introduced and discussed below.
Region-by-region switching
The polarization switching process in a ferroelectric is affected by many factors, especially the nucleation rate of reversal domains, domain dimension, and the mobility of the domain wall [Tagantsev et al, 2002] . Different from single crystal materials, AFM and TEM studies suggest that the switching process in thin films occur region-by-region [Colla et al., 1998; Ganpule et al. 2000; Kim et al., 2010] . The polarization switching process in one region does not necessarily expand through the neighboring regions and switch the whole film. Therefore, the switching of each region is independently determined by its own characteristics, such as nucleation rate and domain dimension. Based on this analysis, Tagantsev et al proposed a model called nucleation-limited-switching (NLS) for the polarization switching of a ferroelectric thin film [Tagantsev et al, 2002] . In this model, the assumption is that each region switches independently, and in each region, the switching process is dominated by the nucleation time of the first reversal domain. The switching of the whole system is controlled by the statistics of domain nucleation, instead of domain expansion in the KAI model. For the P(VDF-TrFE) copolymer, polarization reversal originates from the rotation of the carbon-fluorine and carbon-hydrogen covalent bonding around the central chain of the polymer [Furukawa et al., 2006] . In thin film P(VDF-TrFE), the activation field for domain expansion is small (approximately 0.87 MV/cm) [Kim et al., 2010] compared to domain nucleation (approximately 7.8-12 MV/cm) [Tajitsu, 1995; Nakajima et al., 2005; Kusuma et al., 2010] . Therefore, the polarization switching dynamics are dominated by domain nucleation. Because of polycrystalline nature of thin films, they consist of many grains separated by grain boundaries. The NLS model better describes the switching process of this system. Therefore, it can be used to model the switching polarization as a function of time [Mao et al., 2010b] .
In Figure 11 , P s is shown as a function of time for a FeCap with a P(VDF-TrFE) film thickness of 100 nm using the PUND method. The experimental data and the calculated response using the NLS model are plotted as symbols and solid lines, respectively. The polarization dispersion at a pulse width equal to 1 s (corresponding to log (t) = 0) is due to the high dc conductance of the devices caused by the increased dielectric leakage at high voltage and low frequencies [Nakajima et al., 2005] . These points are not included in the model calculation. The agreement between the experimental data and the model suggests the region-by-region polarization switching process in P(VDF-TrFE) system is a reasonable description. Since the nucleation limited switching dynamic of P(VDF-TrFE) thin film dominate this switching polarization, the polarization switching time (τ) can be described as the delay time for domain nucleation, while the time for domain expansion can be neglected. The difference in domain dimensions, region sizes and especially the distribution of the nucleation centers and the nucleation rate of the reversal polarization among each region leads to a distribution of switching times throughout the film. For each region, τ is a function of applied voltage, characterized by an individual activation voltage (V 0 ). The dispersion of τ, characterized by τ max and τ min , corresponding to the maximum and minimum V 0 among all regions in the film can be extracted from the model and plotted as a function of applied voltage (symbols), as shown in Figure 12 . The exponential relationship of τ and applied voltage follows equation (3). τ max is used to fit equation (3) (plotted as the solid line in Figure 12 ), τ 0 and E 0 can be extracted as 5 ns and 9.6 MV/cm. Figure 11 shows the switching dynamics (+/-P sw versus time) for P(VDF-TrFE) with a distribution as long as three decades, compared to eight decades for the 135 nm Pb(Zr,Ti)O 3 system reported in the literature [Tagantsev et al, 2002] . The reduced range of switching dynamics in P(VDF-TrFE) films indicates a more uniform distribution of switching time, or activation field among the regions. One of the reasons could be the more uniform size of the regions and distribution of nucleation centers within the regions. Additionally, P(VDF-TrFE) has a much higher activation field of 9.6 MV/cm compared to Pb(Zr,Ti)O 3 , 0.77 MV/cm, therefore, the reversal polarization domain nucleation kinetics at room temperature for P(VDF-TrFE) are less dependent on thermal activation [Stolichnov et al., 2003; Mao et al., 2010b] 
Surface roughness based model
As the film thickness decreases, the surface roughness becomes significant, resulting in a nonuniform electric field distribution. For the broadening of the switching time distribution, Nakajima et al proposed a model based on surface roughness [Nakajima et al., 2005] . The non-uniform distribution of electric field on the ferroelectric thin film leads to different values of switching time on different regions, and causes the broadening of the switching time.
Using this method, the authors plotted the thickness distribution vs. average film thickness of four P(VDF-TrFE) samples (symbol) and fit the data with the Gaussian distribution function (line); as shown in Figure 13 (a) . The electric field distribution across the film surface can be determined, which is correlated to the switching time using equation (3). The electric displacement D and polarization P can be calculated using equation (6). The calculated switching time distributions for different film thicknesses are plotted in Figure 13 (b) [Nakajima et al., 2005] . As seen for the 50 nm P(VDF-TrFE) films, the maximum amplitude of the surface roughness is approximately 20 nm, which causes a significant broadening of the switching time distribution, based on the model calculation shown in Figure 13 (b) . Compared to the experimental results in Figure 19 (a) by the authors, the model predicts the correct trend, but the predicted distribution is slightly broader. Fig. 13 . The surface roughness for (a) The thickness distribution vs. the average film thickness of four P(VDF-TrFE) (75/25) copolymer thin films from 50-330 nm, and (b) the calculated differential switching time distribution at electric field of 120 MV/m. Reprinted from [Nakajima et al., 2005] with permission.
Other model for P(VDF-TrFE) thin films
The switching kinetics of P(VDF-TrFE) thin films were also studied by Kimura et al [Kimura & Ohigashi, 1986] , who proposed a model based on the defects in the crystalline phase. The defects can modulate the local electric field in the surrounding material and prevent domain growth. The effect of defects can be described as a dipole moment ∆µ, therefore, the C-F dipole moment can be affected by the defects and deviated from its intrinsic value. The ∆µ is non-uniformly distributed, which can broaden the distribution of switching time in the film [Kimura & Ohigashi, 1986] .
Annealing, film thickness and contact dependence
The fabrication process and device structure are significant factors that need to be understood to optimize device performance. Thermal annealing, P(VDF-TrFE) film thickness and contacts are discussed in this section.
Thermal annealing
The main purpose for annealing P(VDF-TrFE) films is to increase the degree of crystallinity of the phase and remove the residual solvent in the film [Mao et al., 2010a] . The microstructure and electrical performance of the polymer are related to the annealing temperature, time and temperature ramp up and cool down rate. The two phase transition temperatures, the Curie temperature (T c ) and the melting temperature (T m ) are critical in the annealing process [Mao et al., 2010a] . When heating above T c , the ferroelectric materials loses spontaneous polarization and becomes paraelectrics. It is necessary to anneal the sample in the paraelectric phase, since the thermal energy allows the polymer chains to rearrange their orientation and position to form a more crystalline structure after cooling [Furukawa et al, 2006 ]. For P(VDF-TrFE) copolymer, if the films are annealed at temperatures above T m , the phase decreases and recrystallizes into the or phase when slowly cooled down. Therefore, to achieve high phase crystallinity films of P(VDF-TrFE), T c < T anneal < T m is required for annealing. The annealing effects on the microstructure of the P(VDF-TrFE) film can be studied from the point of view of surface morphology, degree of crystallinity and molecular chain orientation. The characteristics of the phase P(VDF-TrFE) have been discussed in section 2. For 70/30 P(VDF-TrFE) films (T c =118 o C, T m =144 o C) annealed at temperatures below T m , increasing the annealing temperature causes a dramatic increase in grain size, as shown in the AFM height images in Figure 14 (a)-(d) . The increase in the crystallinity of phase is reflected in the XRD results, as the diffraction intensity increased for the (110), (200) diffraction peaks at 2θ=19.9 o , which is shown in Figure 15 . When annealed above T m , the phase grains disappeared and the characteristics of the surface morphology change significantly (Figure 14 (e) ). The melting and recrystallization process are also recognized as a decrease of the crystallinity of phase in XRD data (Figure 15 ). The surface roughness increases dramatically as the annealing temperature increase above T c [Mao et al., 2010a] . The effects of annealing on molecular bond and polymer chain orientation can be clearly detected using polarized FT-IR, as discussed in section 2. Figure 16 [Mao et al. 2010a ] shows the p-polarized FT-IR results for the P(VDF-TrFE) film annealed at different temperatures. When annealed below T c (at 65 o C), the molecular and polymer chains do not have sufficient energy to align, therefore, they have a random orientation, as shown by the low IR absorption at 850 and 1288 cm -1 . When annealed above T c but below T m , the higher thermal energy allows the polymer chains to start to reorient and align parallel to the substrate, as indicated by the increase of the IR absorption at 850 and 1288 cm -1 (118-144 o C). Annealing above T m , the polymer chains start to rotate and partially align normal to the substrate, and the phase decreases, observed by the increase of the IR absorption at 1400 cm -1 and the decrease of the 850 and 1288 cm -1 bands. For the electrical properties of P(VDF-TrFE) FeCaps, P s , P r and E c of the FeCap depend mainly on the molecular and polymer chain orientation of the phase crystals, as shown in Figure 17 . The FeCaps were annealed at different temperature before the deposition of the top contacts. In Figure 17 , FeCaps annealed below T c or above T m show low P s , P r and large www.intechopen.com Fig. 16 . Polarized FT-IR results for P(VDF-TrFE) films annealed at different temperatures. The different absorption at 850, 1288 and 1400 cm -1 bands represent the annealing temperature affects on polymer chain alignment. Reprinted from [Mao et al., 2010a] with permission. Fig. 17 . The hysteresis loops of P(VDF-TrFE) FeCaps annealed at different temperatures.
Reprinted from [Mao et al., 2010a] with permission.
P(VDF-TrFE) film thickness dependence
For P(VDF-TrFE) copolymers, E c is large, approximately 0.5 MV/cm, and depends on the VDF/TrFE ratio. For low voltage applications, it is necessary to reduce the film thickness, www.intechopen.com while maintaining good ferroelectric properties. It has been shown that as the film thickness decreases, the grain size decreases, along with a decrease in the degree of crystallinity [Mao et al., 2010a] . The x-ray diffraction angle (2θ) for the (110) (200) orientation of the phase remains constant, indicating that the inter-planar spacing, b, in the crystal lattice does not change for thinner films [Mao et al., 2010a] . Merz studied the film thickness dependence of switching kinetics for BaTiO 3 crystals and found the activation field increases as the film thickness decreases, which is attributed to the formation of an interfacial layer between the ferroelectric crystal and the contacts [Merz, 1956] . Based on Merz's approach, Tajitsu [Tajitsu, 1995] and Xia et al [Xia et al., 2001] studied the switching kinetics of P(VDF-TrFE) FeCaps with Al contacts for different ferroelectric film thicknesses. Their experimental data suggest that the increase in polarization switching time as the P(VDF-TrFE) film thickness decreases can possibly be explained by the formation of an interfacial layer. In Merz's approach, the thickness dependence of E 0 for thin films can be expressed as [Merz, 1956] 00 1 EE d     (7) where E 01 is the activation field for thick films, is an experimental fitting parameter and d is the film thickness. The interfacial layer can be treated as a dielectric layer electrically connected in series with the ferroelectric film; therefore, from [Merz, 1956] 
where V total , V f and V it are the total applied voltage, voltage drop across the ferroelectric film and the interfacial dielectric layer, respectively. The charge continuity at the boundary of the two interfaces can be expressed as [Merz, 1956] total f it
where ε f and ε it are the dielectric permittivity of the ferroelectric and interfacial layers, d f and d it are the thickness of the ferroelectric and interfacial layers, respectively. Due to d f >> d it and ε f /d f << ε it /d it [Xia et al., 2001] , (9) can be rewritten as [Xia et al., 2001] fi t ft o t a l it f it
where E f and E total are the electric field across the ferroelectric material and the applied electric field. Xia et al characterized P(VDF-TrFE) FeCaps with the film thickness ranged from 600 to 120 nm, and used this approach to analyze the switching time dependence. If the interfacial model is not incorporated, a clear thickness dependence of switching time can be found (Figure 18 (a) ), as the switching time increases for thinner films. When the interfacial layers are taken into account, switching time is much less dependent on film thickness, as shown in Figure 18 
Contact dependence
Metal is the most commonly used material for FeCap contacts. For organic electronic systems, the physical and chemical processes on the interface need to be considered when metal is deposited on the organic materials. Reactive metals such as Ti, Ni and Al can react with the organic materials and form an interfacial layer, which can degrade the electrical properties [Xu et al., 2009 ]. For P(VDF-TrFE) copolymer, Ti and Ni can react with the fluorine atom in the -CF 2 -components and create TiF x and NiF x at the interface, respectively [Xu et al., 2009; Chen & Mukhopadhyay, M., 1995] . For chemically inert metals, such as Au, less chemical reaction occurs between the metal atom and P(VDF-TrFE). However, it is easy for the metal to diffuse into the low density polymer film, creating a large leakage current for thinner films. Nakajima et al studied the P(VDF-TrFE) FeCaps using different contact metals as Al and Au. The switching time distribution broadens as the film thickness decreases for FeCap with both contacts. However, the authors found that the switching time increase with decreasing film thickness only for the FeCaps with Al contact, not for Au contact FeCaps. The authors suggest that the increase of the switching time is attributed to an interfacial dielectric layer formed when Al is deposited on P(VDF-TrFE), which is in agreement with the above discussion. This interfacial layer helps reduce the leakage current, while degrading the polarization switching speed. No interfacial layer is formed between P(VDF-TrFE) and Au. Therefore, the switching time does not increase with decreasing film thickness. It has also been demonstrated that by using polymeric electrodes, device performance and reliability can be improved. PEDOT-PSSH can be used as buffer conducting polymer layers for P(VDF-TrFE) top and bottom contacts. Improved device performance with higher P r and faster switching speeds were achieved. A P r of more than 70% of its initial value can be achieved after 1×10 7 cycles of switching for 50 nm thick P(VDF-TrFE) film devices, as shown in Figure 20 [Xu et al., 2007 [Xu et al., , 2009 ]. Xu et al also found that the conducting polymer buffer layers improve the degree of crystallinity of the thin films [Xu et al., 2009] . 
Conclusions
In this chapter, the material and electrical properties, and the ferroelectric polarization switching kinetics of P(VDF-TrFE) copolymer have been reviewed. The ferroelectric properties originate from the large difference in the electronegativity between the fluorine, carbon and hydrogen atoms. The polymer phase structure, surface morphology, crystallinity, and molecular chain orientation associated with the ferroelectric phase have been discussed. The P(VDF-TrFE) copolymer exhibits a high spontaneous polarization > 8 µC/cm 2 (depending on fabrication process and mole ratio of VDF/TrFE) and a square like hysteresis loop. The sharp peak in the switching current indicates the fast rotation of the dipole around the polymer chain.
To illustrate the switching kinetics of P(VDF-TrFE) thin films, two basic polarization switching mechanisms, reversal polarization nucleation and domain wall expansion were reviewed. A commonly accepted statistical model (KAI) for single crystal polarization switching was discussed and extended to models to explain the switching time broadening for P(VDF-TrFE) thin films, including the nucleation-limited-switching (NLS) model based on region-to-region switching kinetics, surface roughness based model, etc. The NLS model can be successfully used to fit P(VDF-TrFE) switching data and τ 0 and E 0 can be extracted as 5 ns and 9.6 MV/cm. The annealing temperature, film thickness and contacts were then discussed. For annealing above T c but below T m , the grain size and the crystallinity of the (110) (200) orientation of the phase increases, the polymer chains align parallel to the substrate with the polarization dipole moment perpendicular to the substrate. At annealing above T m , the surface morphology changes significantly, the degree of crystallinity in the phase decreases dramatically, and the polymer chains tend to align normal to the substrate. As the film thickness decreases, the grain size and degree of crystallinity decrease. The increase switching time as film thickness decreases can possibly be explained by the formation of an interfacial layer. For the contact, reactive metals induce an interfacial layer, which causes an increase in the switching time. P(VDF-TrFE) FeCaps with Au contacts do not have this film thickness effect, but as the film becomes thinner than 100 nm, the diffusion of Au atoms increases the leakage current. Therefore, thin films with high quality are required. Using conducting polymers, such as PEDOT: PSS and polypyrrole-poly(styrene sulfonate) as a buffer layer for the contacts show improved electrical performance in remanent polarization, switching time and reliability for thin film P(VDF-TrFE) based FeCaps. One of the most important applications of P(VDF-TrFE) copolymer is ferroelectric nonvolatile memory (FeRAM). The two stable states of the ferroelectric material in positive and negative directions can be used as digital data "1" and "0", and the remanent polarization leads to data storage with the power off (nonvolatile). Due to the low temperature, solution process of P(VDF-TrFE) films, it is compatible with large area and flexible electronic applications. Even though the polarization switching speed of P(VDF-TrFE) is slow (~1 µs) compared to PZT (~ 10 ns), it is much faster than the conventional flash memory(100 µs) in writing and programming. Moreover, it is reliable with more than 1×10 7 cycles of switch [Mao et al., 2011a] , and can be used in low voltage applications [Fujisaki et al., 2007] . The memory cell can be constructed by combining access transistors with the ferroelectric capacitors. The circuit structure depends on the number of access transistors and ferroelectric capacitors [Arimoto & Ishiwara, 2004] . One transistor-one capacitor (1T1C) FeRAM elements based on P(VDF-TrFE) were recently demonstrated by the authors [Mao, et al., 2011b] . Ferroelectric transistors can also be fabricated using P(VDF-TrFE) for each bit in FeRAM [Naber et al., 2005; Lee et al., 2009] , however, the reliability still needs to be improved for future applications.
